physiological studies of this group. The advantages of the medium were its relative simplicity, lack of turbidity, ease of preparation, and stability during sterilization in the autoclave. The presence of tryptone and beef extract, however, introduced a chemically unknown mixture which precluded exact determination of the nutrient requirements of these organisms.
The object of the present research was to find a synthetic medium which would support growth of the non-sporulating anaerobic bacteria of intestinal origin. The development of such a medium is desirable to evolve more effective means for selective isolation and for studying the physiological role of the organisms. The literature records no previous investigation of specific nutrient substances for this group.
The choice of amino acids, vitamins and other nutrients was necessarily based on reports dealing with other microorganisms. In this respect the reviews by Knight (1936) , and Mueller (1940) were invaluable, and numerous additional references from the current literature were also useful.
For this study 29 representative strains of bacteria were selected from the five types previously reported by . While it might seem more advantageous, first, to work out the nutritional requirements for individual types or strains, we preferred to survey the needs of the whole group in order to gain some insight into the degree of similarity or diversity occurring among its members.
METHODS AND MATERIALS
Preparation of the basal synthetic medium Constituents. A basal medium was prepared from mineral salts, amino acids, and carbohydrates dissolved in distilled water. The compounds to be studied were added to this mixture.
The mineral salts were those employed by Allison and Hoover (1934) to which were added other salts suggested by the work of Mueller (1938) .
The salt mixture consisted of 0.07 per cent K2HP04. 3H20, 0.03 per cent KH2PO4, 0.02 per cent each of NaCl and MgS04-7H20, 0.01 per cent CaSO4 *2H20, 0.001 per cent Fe2(SO4)3 * 9H20, on November 12, 2017 by guest http://jb.asm.org/ Downloaded from 0.0005 per cent each of CuSO4-5H20 and ZnCl2, and 0.00025 per cent each of MnSO4-2H20 and KI. This solution was conveniently prepared in ten liter amounts to facilitate acciuracy in weighing. After standing several days it was filtered through paper to remove undissolved salts and stored until required for use.
The amino acid mixture, which was a modification of that used by Koser, Finkle, Dorfman, Gordon and Saunders (1938) , consisted of 0.05 per cent each of dl-alanine, cysteine-HCl and d-glutamic acid, 0.02 per cent each of I-asparagine, glycine, 1-histidine-HCl, d-lysine-2 HCI and 1-tryptophane, 0.01 per cent each of d-arginine-HCI, dl-isoleucine, l-leucine, dl-methionine, I-proline, dl-beta-phenyl alanine, dl-threonine and dl-valine and 0.005 per cent 1-tyrosine.
The amino acids plus 0.5 per cent glucose, 1 per cent glycerol and 1 per cent sodium lactate were added to less than the desired volume of the mineral solution. The pH was adjusted with normal sodium hydroxide to pH 6.8-7.0 using brom-thymol-blue as an indicator.
The compounds tested for growth-promoting activity were employed in the following concentrations per milliliter: 40 gamma each of riboflavin, ergosterol, beta-alanine, xanthine, pimelic acid, inositol, indol-acetic acid, ascorbic acid and sodium taurocholate, 5 gamma pyridoxine, 56 gamma uracil, 2 gamma pantothenic acid,4 3 gamma thiamin, 4 gamma nicotinic acid, 0.3 mgm. glutamine and 22 mgm. pyruvic acid. The pyruvic acid was converted to the sodium salt before its addition to the medium.
The compounds to be studied were added singly or in various combinations, and the volume adjusted by the addition of the necessary amount of mineral solution. The pH was rechecked.
Sterilization and tubing. The media were sterilized by filtration through "W" Berkefeld filters and then dispensed by an aseptic tubing technic patterned after the method recommended by Riker and Riker (1936) . Incubation at 37°C. for three to four days was employed to determine the sterility of the tubed media. Contamination was negligible.
Cultures
The strains of non-sporulating anaerobic bacteria used in this study were selected from a stock culture collection maintained in the Department of Bacteriology. These organisms had been isolated from rat and human intestinal tracts. Stock cultures were carried in egg-meat medium. The twenty-nine commonly used strains, grouped according to the five types distinguished by 15, 23, 25, 29, 3i1,105, 112, 140, 152 and 196. Inoculation and incubation Inoculum. The inoculum was prepared by adding approximately five tenths ml. of the liquid from a well mixed two-day eggmeat culture to ten ml. of sterile mineral solution. Duplicate tubes of the various media were then inoculated from this suspension using a loop.
Control media. The viability of the organisms was tested by using the tryptone-glucose-cysteine broth medium of Lewis, Bedell and Rettger (1940) . This medium was employed under the same conditions of incubation and transfer as the experimental media. A tryptone-glucose-cysteine semi-solid agar medium was also used to check on possible aerobic contamination.
Arnerobic method. The method described by Weiss and Spaulding (1937) was satisfactorily used for obtaining anaerobiosis.
Incubation and observation. All tubes were incubated at 37°C. Observations were made at two-day intervals over a period of twenty days. Turbidity was the criterion of growth in these experiments. The negative tubes were immediately reincubated and subsequently observed. The positive cultures were transferred in duplicate to other tubes of the same test medium, using an inoculating loop. Faur successful transfers in 20 days were selected as the criterion of satisfactory growth.
The methods described above represent a compromise between convenience and ideal accuracy. This was necessary to make feasible the number of tests required to determine the value of the several compounds and combinations of compounds examined. Differences of one or two transfers occurring with a small proportion of the strains were not considered as decisive evidence of the superiority of one medium over another. Trends indicated by relatively small differences in growth were sometimes followed during the progress of the investigation but definite conclusions were based only on clear cut differences in numbers of transfers obtained and abundance of growth resulting.
RESULTS

General requirements for the group
The basal synthetic medium, composed of mineral salts, amino acids, glucose, sodium lactate and glycerol, repeatedly failed to support growth of all test organisms except two strains belonging to type A-3. The consistent growth of these strains indicated that the synthetic medium was not markedly toxic, but it was also apparent that additional substances were necessary for development of the remaining strains.
Search for growth-promoting factors was begun by adding to the basal medium a group of 14 compounds which consisted of uracil, thiamin, nicotinic acid, glutamine, pyruvic acid, riboflavin, ergosterol, beta-alanine, xanthine, 'omelic acid, inositol, indolacetic acid, sodium taurocholate, and ascorbic acid in one tenth the amounts listed under methods and materials.
Half of the strains could be carried through three to four transfers in this medium. Further study of these compounds indicated that use of only the first five components listed above gave nearly as satisfactory growth as the entire group. Subsequent attempts to substantiate the need for these five substances led to erratic results. Apparently, impurities in the amino acids used for the basal medium caused the difficulties. Thus, upon changing lots of glutamic acid and methionine none of the strains previously stimulated by the five compounds showed satisfactory growth. Since no stimulation had been obtained in the basal medium prepared with the contaminated amino acids, the added growth factors appeared to be of some value in their presence. In table 1 are summarized additional experiments to determine the effectiveness of the growth factors upon substitution of new lots of amino acids in the basal medium. A ten-fold increase of the five factors failed to show the response obtained previously; only four strains grew after three or more transfers. The nine remaining compounds from the group of fourteen permitted none of the strains to develop satisfactorily in the absence of the first five, but when all fourteen were added in ten-fold concentration to the basal medium nineteen strains survived three to four transfers. One or more compounds from each portion of the group of fourteen were evidently essential for growth of several strains. Since the increased concentrations gave more clear cut results than those previously used, they were employed throughout the remaimng experiments. Addition of pyridoxine and pantothenic acid to the medium containing the fourteen compounds improved it sufficiently to permit survival of 22 strains through three to four transfers. Slight increase in numbers of strains growing could be attributed to each compound, but pantothenic acid was especially effective for producing increased turbidity and shortening the incubation time of many strains which were already showing slight growth.
The data summarized in table 2 show attempts to determine To determine whether growth-promoting activity, comparable to that of pyruvic acid, could be obtained by substituting related compounds, a basal synthetic medium was prepared which contained the fifteen growth factors other than pyruvic acid. Separate lots of this medium were supplemented withmalic acid, maleic acid, fumaric acid, pyruvic acid and serine. Serine was tried in the light of experiments by Clifton (1940) who suggested that it might rearrange to form pyruvic acid subsequent to deamination. The data listed in table 3 show that none of the compounds tested could replace pyruvic acid, and they emphasize again the essential role of this substance for growth of the non-sporulating anaerobic bacteria.
Further efforts to simplify the combination of growth factors on the basis of trends noted in previous experiments are illustrated in table 4. Addition of pyruvic acid alone to the basal medium allowed development of thirteen strains through three to four transfers. Some improvement was obtained by supplementing this medium with pantothenic acid, but still the growth obtained with the sixteen growth factors was not attained. In contrast to the results previously observed upon subtracting riboflavin from the medium containing sixteen factors, the addition of ribo- From the foregoing experiments we have come to the conclusion that no single factor in addition to the basal constitutents can supply the necessary nutriments for satisfactory growth of the entire group of non-sporulating anaerobes. Pyruvic acid is essential, pantothenic acid is helpful, but still others are needed. Further work toward improvement and simplification of the synthetic medium is in progress.
Specific requirements for types and individual strains Among the twenty-nine strains selected from the five types previously described by , the five members of type A-1 were, as a whole, the most difficult to grow in synthetic media. Strain 187 grew in no combination of nutrients tested. The basal medium plus sixteen growth factors supported growth of strains 3, 6, 126, and 142 for only two or three transfers. Even this scant development was reduced by single omission of pyruvic acid, pantothenic acid, pyridoxine, riboflavin or ascorbic acid from the medium. Elimination of beta-alanine, glutamine, nicotinic acid or thiamin tended to improve growth slightly.
However, strain 126 did not respond to omission of glutamine and it did not grow in the absence of nicotinic acid. Attempts to cultivate members of type A-1 in a simplified medium containing the basal constituents plus pyruvic acid, pantothenic acid, and riboflavin were unsuccessful.
In type A-2 strains 51 and 180 grew more readily than strains 22, 32, 37 and 62 even in the medium containing sixteen growth factors; the latter four strains seldom exceeded three transfers in twenty days. Growth of all six strains was depressed when pyruvic acid, riboflavin or ascorbic acid were removed separately from this medium. In contrast to type A-1 the members of type A-2 shoWed no improvement in growth upon omission of betaalanine. Efforts to cultivate these organisms in less complex synthetic media were unsuccessful except with strains 51 and 180 which grew satisfactorily in the basal medium plus pyruvic acid. Riboflavin proved to be inhibitory rather than beneficial for these two strains when added to the simplified pyruvic acid medium. Type A-3, represented by strains 202 and 302, was distinct from all others in that growth readily and consistently occurred in the basal medium. Addition of pyruvic acid alone or with other factors caused marked -inhibition, thus indicating toxicity for these two strains.
Type B-1 consisted of strains 5, 9, 18, and 20 which grew more abundantly than any others in the synthetic medium containing sixteen growth factors. Omission of pyruvic acid from this medium completely inhibited their growth, yet addition of this compound alone to the basal medium was inadequate for their development. When pantothenic acid was included with pyruvic acid development of all four strains was equal to that occurring in the more complex medium. This showed that pantothenic acid, as well as pyruvic acid, was essential for growth of type B-1.
Type B-2 was represented by twelve strains of which two were atypical. Strain 105 failed to grow in any synthetic medium and even gave poor growth in tryptone-glucose-cysteine broth. Strain 196 was regarded as intermediate between types B-1 and B-2 because it grew exceptionally well in the complex synthetic medium, was not affected by omission of riboflavin or any other single growth-factor except pyruvic acid, and could grow satisfactorily in the basal medium to .which pyruvic acid alone had been added. The remaining ten strains were placed in two subdivisions because strains 1, 15, 29, 31 and 152 grew poorly in the basal medium plus sixteen growth factors while strains 4, 23, 25, 112 and 140 regularly attained four transfers in less than twenty days. The former were aided by the elimination of uracil and nicotinic acid, whereas the latter were not affected. All ten required pyruvic acid and could grow to some extent in the basal medium with this compound alone. Increased turbidity was often observed when pantothenic acid was also added. In most cases growth in synthetic media was, however, less abundant than in tryptone-glucose-cysteine broth.
From the preceding observations we have concluded that the five types of non-sporulating anaerobes of intestinal origin differ from each other in their nutrient requirements. Even strains belonging to one type may sometimes exhibit diverse needs. Except for the two members of type A-3 which grew in the basal medium, pyruvic acid is essential for all strains cultivable in our synthetic media. Pantothenic acid is necessary for growth of type B-1 and it improves growth of several other strains, especially members of type B-2. The specific requirements of individual strains are being investigated further.
DISCUSSION
The foregoing experiments mark a beginning in the study of specific nutrient requirements for the non-sporulating anaerobic bacteria and have necessarily been carried out in the face of many unknown factors. Detailed conclusions cannot yet be drawn and further investigations may even show that present broad interpretations need modification. The serious errors which may be introduced by use of compounds contaijning traces of other physiologically active substances are a continuous threat to this type of work. Complications of such a nature were detected and corrected among the amino acids used in this study, but it is conceivable that other instances escaped our attention. This possibility will be eliminated only when all compounds can be procured by synthetic processes.
Having no previous knowledge of the exact nutrients required by these organisms, it is quite probable that a number of unnecessary, and sometimes undesirable, constituents were included in the synthetic media. Elimination of these is, however, not easily accomplished, for there appears to be a physiological balance among the compounds which, if altered in any one respect, may produce unexpected results. The varied growth responses to riboflavin in different media indicate this sort of relationship and suggest that glutamine, pantothenic acid and, possibly, other compounds may also be involved. Analogous findings have been reported by Gladstone (1939) for various amino-acids affecting the growth of Bacillus anthracis and by Jukes (1941) for choline, creatine and gelatin affecting perosis in chicks.
The essential role of pyruvic acid in the synthetic media is unusual, especially in view of the previously demonstrated ability of the non-sporulating anaerobes to ferment glucose in the tryptone-glucose-cysteine medium . The failure of malic, maleic, and fumaric acids, as well as serine, to replace pyruvic acid suggests a specific metabolic function for this compound. Whether it acts in a vitamin-like capacity or represents an intermediate product in carbohydrate utilization is of particular interest. Perhaps it could be produced by the organisms themselves, if only the proper precursor or co-enzyme were present. These possibilities have not been tested because the compounds most likely to yield this information were not available in our laboratory.
The non-sporulating anaerobic bacteria have always been cultivated with difficulty, even in highly enriched media, and for this reason their development in media of known composition is significant. The special importance of such compounds as pyruvic acid and pantothenic acid for their growth, together with the tendency for nutrient requirements to vary in accordance with previously determined types of organisms, may eventually help to elucidate the now obscure role of the non-sporulating anaerobes in the intestinal tract. SUMMARY 1. A synthetic medium composed of mineral salts, amino acids, glucose, sodium lactate and glycerol supports growth of only two strains (type A-3) among 29 strains of non-sporulating anaerobic bacteria used in this study.
2. Addition of a mixture of chemically defined growth factors to the synthetic medium allows development of the majority of strains studied. cysteine medium but are not present in the synthetic media, are required by certain strains, especially members of type A-1 and strain 105. 4. Pyruvic acid is essential for growth of all strains, except the two members of type A-3, cultivated in synthetic media. It cannot be replaced by any of a number of similar organic acids or by serine. Its function in the growth processes of these bacteria is, as yet, not proved.
5. Pantothenic acid increases growth, as judged by amount of turbidity, of a variety of strains and is essential for members of type B-1. It is not adequately replaced by beta-alanine.
6. Riboflavin and, perhaps, other components of the medium show varied growth responses in different media, suggesting that their role as inhibitors or stimulators of growth is modified by the particular combination of substances employed in the medium.
7. The miniimum combination of compounds essential for optimum growth of the different kinds of non-sporulating anaerobes remains to be determined; however, it is apparent that their nutrient requirements tend to vary in accordance with the five types previously established by on the basis of morphological, cultural, and physiological differences.
